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Abstract
The evolution of the autonomic nervous system provides an organizing principle to interpret the
adaptive significance of physiological systems in promoting social behavior and responding to
social challenges. This phylogenetic shift in neural regulation of the autonomic nervous system in
mammals has produced a neuroanatomically integrated social engagement system, including
neural mechanisms that regulate both cardiac vagal tone and muscles involved in vocalization.
Mammalian vocalizations are part of a conspecific social communication system, with several
mammalian species modulating acoustic features of vocalizations to signal affective state.
Prosody, defined by variations in rhythm and pitch, is a feature of mammalian vocalizations that
communicate emotion and affective state. While the covariation between physiological state and
the acoustic frequencies of vocalizations is neurophysiologically based, few studies have
investigated the covariation between vocal prosody and autonomic state. In response to this
paucity of scientific evidence, the current study explored the utility of vocal prosody as a sensitive
index of autonomic activity in human infants during the Still Face challenge. Overall, significant
correlations were observed between several acoustic features of the infant vocalizations and
autonomic state, demonstrating an association between shorter heart period and reductions in heart
period and respiratory sinus arrhythmia following the challenge with the dampening of the
modulation of acoustic features (fundamental frequency, variance, 50% bandwidth, and duration)
that are perceived as prosody.
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1. Introduction
The phylogenetic shift in neural regulation of the autonomic nervous system (ANS) in
vertebrates has produced a myelinated efferent vagal pathway unique to mammals, which
can rapidly regulate visceral state and facilitate social engagement [1–3]. The brainstem
origin of this motor-specific vagal pathway shares evolutionary origins with the special
visceral efferent pathways traveling through five cranial nerves (trigeminal, facial,
© 2013 Elsevier Inc. All rights reserved.
*Corresponding author at: Department of Psychiatry, University of North Carolina School of Medicine, 387 Medical School Wing D,
Campus Box 7160, Chapel Hill, NC 27599-7260, USA. Tel.: +1 919 843 2220.
NIH Public Access
Author Manuscript
Physiol Behav. Author manuscript; available in PMC 2014 August 15.
Published in final edited form as:













glossopharyngeal, vagus, and accessory), which innervate somatic muscles typically not
associated with the neurophysiology of the ANS. In addition to its innervation of smooth
and cardiac muscles, the mammalian vagus is neuroanatomically linked to the striated
muscles of the face and head that regulate social engagement, intimately involved with
behaviors such as facial expression, hearing, and vocalization, that contribute to the complex
repertoire of both social expressions (i.e., signaling) and social experiences (i.e., receiving)
[1–4].
Mammalian vocalizations are part of a social communication system that evolved to
communicate and to signal a danger or threat to conspecifics, with many mammalian species
modulating their acoustic features of vocalizations to signal states of fear, aggression, pain,
and hunger [5–7]. Human infant crying, in particular, serve to elicit parental caregiving, with
variations in their cry features known to affect adults' perceptions and physiologic responses
[8-11]. At the clinical level the acoustic features of infants have been shown to exhibit a
wide variance relative to the intensity or degree of a particular challenge and/or medical
status [8,12,13]. For example, previous reports have shown a relationship between acoustic
characteristics of infant cries and diagnoses related to neurological damage, prematurity,
medical conditions, pain (e.g., circumcision), sudden infant death syndrome, and substance
exposure during pregnancy [8,14-19]. In particular, the frequency of infant cries may be
interpreted as indicators of health status and [20-23], and can indicate distress when infants
exhibit high frequency shrill cries [24-27].
Importantly, this covariation between physiological state and the acoustic frequencies of
vocalizations is neurophysiologically based on a shared neural pathway, as suggested by the
Polyvagal Theory [5]. Prior reports have demonstrated the relationship between variations in
infant cry prosody and infant neurobehavioral organization and autonomic activity [28]. For
example, higher cry threshold and shorter cry duration have been shown to be predictive of
disrupted autonomic regulation [28]. However, the parallel between the acoustic features
characterized as vocal prosody (i.e., the cluster of vocal features such as pitch modulation
and frequency change) has not been quantified in detail, nor has its parallel with autonomic
function been systematically described. To date, only the frequency of vocalization has been
correlated to cardiac vagal tone (i.e., respiratory sinus arrhythmia) and then only in healthy,
although severely stressed, infants [29]. Here we expand these previous observations to
demonstrate the covariation of several prosodic features with autonomic state in human
infants.
1.1. Role of vocalizations
The physiological correlates of vocal prosody have been understudied, although in clinical
settings vocal prosody has been assumed to be related to health. Most investigations have
focused on vocalization as a reflection of neurobehavioral dysregulation, often in relation to
a specific disorder [30-32], contextual features (e.g., danger) [33,34], or transitory
psychological state (e.g., pain) [35,36] and with little scientific interest in a potential relation
between prosody and autonomic state. Consistent with the Polyvagal Theory [5], the current
study assumes that the frequency modulations within vocalizations are an effective and
efficient form of vocal communication with an adaptive function, capable of conveying the
physiological state of the signaler to other members of its species. This ‘automatic’
communication of the signaler's state is hypothesized to facilitate reproductive, parenting,
and social behaviors by indicating when the organism is safe to approach [5].
Prosodic vocalization characteristics are generally expanded during positive social
interactions among humans, and reduced during stress or illness [29,37,38]. For example,
distressed infants often demonstrate a high-pitched cry with little frequency modulation and
shortened duration [16,29]. Consistent with the polyvagal hypothesis, the decreased neural
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tone seen in distressed or unhealthy infants is believed to reduce the inhibitory effect on the
heart and bronchi and the contraction of laryngeal muscles, thereby producing dramatic
increases in both heart rate and respiration rate as well as the fundamental frequency of the
cry [5,29,39,40]. This convergence of cardiac vagal tone and vocal prosody has also been
demonstrated in healthy, though severely stressed, newborns following circumcision.
Cardiac vagal tone, measured by respiratory sinus arrhythmia (RSA), was significantly
reduced, and individual differences in resting cardiac vagal tone were shown to correlate
with the pitch of the infants' high frequency pain cries [29].
1.2. Shared neurophysiology underlying vocal prosody and autonomic regulation
The evolutionary development of the striated muscles necessary for mammalian
vocalizations paralleled the evolutionary changes in vagal regulation of the heart [41].
Ultimately, this phylogenetic convergence of several neural circuits has served to form an
integrated functional social engagement system [4,42,43]. Importantly, the same brainstem
structures are involved in both the regulation of the heart rate via the myelinated branch of
the vagus (i.e., cardiac vagal tone measured via respiratory sinus arrhythmia) and
vocalizations via the laryngeal and pharyngeal muscles [44,45]. Thus, the vagal output to the
laryngeal and pharyngeal muscles reflected in the prosodic features of vocalization may
mirror the vagal influence to the heart. Therefore, procedures that disrupt homeostatic
processes may result in both depressed cardiac vagal tone and vocalizations characterized by
a higher pitch and less prosody [5]. Moreover, a chronically depressed cardiac vagal tone
would reflect, on an individual level, poor homeostasis and a neurophysiological
vulnerability to a challenge.
The brain substrates mediating vocalizations remain relatively conserved across most
mammalian species [46], and with the exception of some cortical influences, the brain
structures reside primarily in the subcortical forebrain – namely limbic structures and the
hypothalamus, as well as the periaqueductal gray of the midbrain, leading to the motor
neurons that innervate the larynx [46,47]. Regulation of special visceral efferents to the
laryngeal and pharyngeal muscles involved in vocalization, as well as general visceral
efferents producing a rhythmic oscillation in heart associated with breathing (i.e., RSA),
stem from the myelinated vagal pathway originating in the nucleus ambiguus (NA).
Vocalizations represent direct central regulation of laryngeal and pharyngeal muscles, with
the neural regulation of these muscles occurring in the same brainstem nuclei involved in
regulation of myelinated vagal pathways to the heart [46,47]. In particular, specific
vocalization features are plausibly linked to the neural regulation of the laryngeal and
pharyngeal muscles. For example, a positive relationship between the height of the larynx
muscle and vocal fundamental frequency exists, with vocal pitch changing relative to
changing larynx height (i.e., the relaxation and contraction of the muscle) [48,49]. Thus,
rapid change in fundamental frequency during a vocalization represents modulation of
neural tone to the laryngeal muscles. The laryngeal muscles provide active opening of the
glottis (i.e., the combination of the vocal cords and the space in between the folds) to
enhance the flow during inspiration, and partial closing to reduce air flow and increase
subglottal pressure during expiration. During expiration, the posterior cricoarytenoid (PCA)
muscle (regulated by the recurrent laryngeal branch of the vagus) is phasically active while
activity of the cricothyroid (CT) muscle (regulated by superior laryngeal nerve) tends to
increase. Likewise, the thyroarytenoid (TA) muscle (regulated by superior laryngeal nerve)
is also more active during expiration. The TA is comprised of two divisions – with the
external division (TA-X) adducting the vocal fold, and the vocalis division (TA-V)
modulating sound quality [50].
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The activity of the laryngeal and pharyngeal muscles parallel the alternating increase and
decrease in myelinated vagal output to the heart during exhalation and inhalation,
respectively (Table 1). This occurs because respiration modulates vocalizations and “gates”
the efferent action of the myelinated vagus on the sino-atrial node [51]. Moreover, with the
laryngeal and pharyngeal muscles and heart both innervated by a common pathway
originating in the NA, and subject to the same afferent regulation via the nucleus tractus
solitarius (NTS), a shared modulation is not surprising [52,53]. The common features
between the brainstem areas regulating the heart and the structures producing vocalization
provide the neurophysiological justification to investigate the covariation between acoustic
features of vocalizations and vagal influences to the heart.
Given the shared neural regulation between vocalization and autonomic state, this study
investigates the covariation of several features of vocal prosody with autonomic measures
dependent on vagal regulation of the heart. In the current study, a recently developed
automated tool for objectively characterizing the features of vocalizations was applied.




Vocalization analysis was performed on audio files (n = 75) previously recorded in a study
investigating the autonomic response profile of infants at 6-months to the Still Face
procedure (see below). The audio files represent a subset of 75 infant participants from the
above study who vocalized during the procedures. The infants were recruited between 6 and
10 weeks. At 6 months they received a developmental assessment and participated in a
laboratory experiment to evaluate autonomic reactivity.
2.2. Still Face paradigm
A modified Face-to-Face Still-Face (FFSF) paradigm [54] was used for this study. While
also providing information regarding the physiological reactivity to a challenge and its
contingency on the ability to regulate visceral state, the use of this paradigm in the context
of this experiment primarily served as a means to evoke vocalizations through a social
challenge. In the modified protocol, the infant was placed in a high chair, and the
experimenter was seated so that her face was at the infant's eye level and approximately 50
cm from the infant. The mother was absent from the research room during the protocol. The
social challenge session consisted of three 2-min conditions: Free Play 1, Still Face and
Recovery (Free Play 2) trials. During Free Play 1 the experimenter interacted with an infant
in a playful manner. During Still Face the experimenter stopped smiling and expressed a
blank face while looking at the infant. The experimenter did not move her head, or use touch
or speech to engage the infant. The Still Face trial was terminated earlier than 2 min if the
infant became distressed. During Recovery the experimenter resumed smiling and used
speech and gestures to re-engage the infant. Physiological monitoring with the LifeShirt (see
next section) was conducted continuously through the social challenge to extract autonomic
measures during each of the 2-min segments.
2.3. Collection of autonomic measures
The LifeShirt System (VivoMetrics, San Diego, CA), a non-invasive, continuous
ambulatory monitoring system, was used to collect beat-to-beat heart periods (i.e., the time
between successive heart beats). The LifeShirt consists of a comfortable garment with an
array of embedded sensors, a handheld computer, and a sophisticated software package.
Measures of respiratory frequency were quantified for each phase. Three Ag/AgCl ECG
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self-adhering electrodes (Covidien, Mansfield, MA) were placed on the participant by a
female laboratory assistant and connected to the LifeShirt System.
2.4. Quantification of autonomic variables
Heart period data, derived from the ECG signal, were then edited offline with CardioEdit
software (Brain-Body Center, Chicago, IL). RSA was defined as the variance in the beat-to-
beat heart rate pattern in the frequency band associated with spontaneous breathing. In the
current study RSA was calculated using CardioBatch software (Brain-Body Center,
Chicago, IL) and operationally defined as the variance in the frequency band between .24
and 1.04 Hz using the Porges-Bohrer algorithms incorporated in CardioBatch [55-57]. RSA
and heart period (i.e., the time in ms between successive heart beats) were calculated in
sequential 30 s epochs. Changes in RSA and heart period were also calculated by subtracting
values derived during Free Play 1 from values derived during the Still Face challenge (i.e.,
SF-FP1). Averages of the 30 s epochs within each condition (i.e., Free Play, Still Face) and
the changes in heart period and RSA between the conditions were used in the analyses.
2.5. Quantification of acoustic measures
Audio files were extracted from the video recordings of the modified FFSF protocol.
Individual vocalizations were manually extracted with Adobe Audition (Adobe Systems,
San Jose, CA) and then uploaded into a LabView-based program for quantification of the
prosodic features. Only audio files demonstrating one or more vocalization bouts during the
2 min SF challenge were analyzed. The vocalizations ranged from stereotypical “coos” to
robust bouts of crying and where defined as periods of audible sound during expiration that
lasted for at least 100 ms. Sounds primarily due to biological functions (e.g., gurgling) were
excluded. Bouts of crying were counted as individual vocalizations when a change from
expiration to inspiration occurred.
Several variables were operationally defined to index features assumed to contribute to the
prosodic features of mammalian vocalizations. Prosody, representing the modulation of
vocalization frequencies, was deconstructed into several quantifiable variables. First, the
fundamental frequency of the vocalization was quantified. The fundamental is, when viewed
in a spectrograph, the first energy peak. The fundamental frequency represents the
perceptual attribute of vocal pitch. Second, the variance of the fundamental quantifies how
much the fundamental pitch varies during the vocalization. Third, The 50% bandwidth
reflects the frequency band in which fundamental varies between 50% and 100% of its peak
energy. When viewed from a graphic perspective of an FFT, the 50% bandwidth is the
horizontal distance (i.e., band of frequencies) across the first energy peak (i.e., the
fundamental) at 50% of the peak maximum (visually, the horizontal measurement of width
is taken at half the peak's maximum energy). Together, variance and 50% bandwidth are
most closely related to pitch variability. Fourth, vocalization duration was calculated as the
time in which the energy (amplitude) of the fundamental crossed a defined threshold
demarcating vocalization energy from background noise.
The acoustic features were quantified using a dynamic, computation-based tool capable of
rapidly detecting and characterizing the features of vocalizations developed in our
laboratory. Individual vocalizations were manually extracted using Adobe Audition, and
exported as individual .wav files into a LabView-based user interface. With the initiation of
the LabView program, a Fourier transform was performed on each vocalization to convert
the time-domain audio waveform into the frequency-domain. A peak detection process,
conducted in the frequency domain, isolated the fundamental (first energy peak) and
harmonics (subsequent energy peaks) of the vocalization, and quantified the associated
frequency and magnitude values. Variance and duration were obtained by converting the
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spectrogram into a two-dimension array of coordinates representing the frequency and time
domains. Thus, both measures were not based on an average or peak value of the
fundamental, but rather on the fundamental frequency of the entire expiratory sound as long
as it was expressed over a given magnitude threshold (i.e., a threshold set above background
noise). An output of all quantified acoustic variables was generated in both the user-
interface as well as a .csv file for further processing in Excel.
Following quantification with the automated tool, the raw values for each acoustic variable
were processed to calculate the median, minimum, and maximum values per subject.
Median was used a measure of central tendency to minimize influence of atypical
distributions and outliers. Minimum and maximum values were quantified to evaluate
whether certain indices may be more sensitive to changes at either the lower or higher ends
of a variable's range (e.g., the high fundamental frequency demonstrated by severely stressed
infants may represent the higher end of the possible frequency range.) The natural
logarithms of the 50% bandwidth and variance of the fundamental were used here to ensure
that the metrics complied with the assumptions for parametric analyses and were appropriate
for linear regression modeling of the total prosodic range.
2.6. Statistical analysis
Sex differences were assessed using both unpaired t- and U-tests. Correlations were
calculated to evaluate the relationships between vocalization features and measures of
autonomic state (i.e., heart period, RSA). Correlations were also calculated to evaluate the
relationships among the individual acoustic variables. Relationships among the acoustic
variables were further explored by a rotated factor analysis (varimax with Kaiser
normalization) using principal component analysis as the extraction method. Correlations
were calculated to assess the relationship between each of the factors and the autonomic
measures. All statistical analyses were performed using SPSS 18.0 (SPSS, Inc., Chicago,
IL).
3. Results
The descriptive features of the prosodic and autonomic variables are reported in Table 2.
While sex differences were largely not present, significant differences were observed
between males and females for minimum variance and duration maximum (p < 0.05; U-test).
Significant correlations were observed between several acoustic features of the infant
vocalizations and the indices of autonomic state are reported in Table 3. As described in
Table 3, shorter heart period (i.e., faster heart rate) during the Still Face procedure was
observed in infants with higher maximum fundamental frequency, greater maximum
bandwidth and variability, and longer maximum duration cries. The upper limits of these
extreme values for acoustic features represent atypical cries (e.g., long wailing shrieks),
which were associated with faster heart rate. Similarly, infants with the greatest suppression
from Free Play to Still Face of heart period (i.e., heart rate increase) and RSA (i.e., cardiac
vagal tone withdrawal) had higher maximum values of all the acoustic variables.
Furthermore, longer heart period (i.e., slower heart rate) was associated with higher
minimum values of 50% bandwidth and variance. RSA suppression showed the same
pattern: the change in RSA exhibited a significant positive correlation with the variance and
duration minimum (Table 3).
Overall, the convergence of the positive and negative relationships with autonomic state is
best described by a U-type relationship, whereby the minimal and maximal values for
acoustic parameters that are closer to the median (i.e., higher minima values and lower
maxima values), represent an expansion of prosody and a richness of vocal features.
Individuals, who produce vocalizations with fewer outliers, tend to have slower heart rates,
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less heart rate acceleration and less vagal withdrawal (i.e., decrease in RSA) in response to
the Still Face paradigm. Thus, as heart rate increases during “mobilization” of the ANS,
such as during the Still Face challenge, an overall higher pitch and flat affect is heard in the
vocalization. The shift toward a “monotone” sound with decreasing RSA is further
characterized by brief “choppy” vocalizations with a narrowed pitch. Acoustic minima
values that did not significantly correlate also showed a positive trend for the autonomic
measures obtained following the Still Face challenge.
Individual differences in RSA during the Still Face were not related to the acoustic
properties of the infant vocalizations. RSA and heart period during Free Play 1 were not
correlated with any of the acoustic features, suggesting that initial state is not predictive of
vocalization features during the stressor.
There were significant covariations across several of the acoustic variables. Fundamental
frequency, in particular, correlated with all other variables (i.e., 50% bandwidth, variance,
and duration) (Table 4). Specifically, the maximum values of 50% bandwidth, variance, and
duration all demonstrated a shared directionality in their covariation with maximum
fundamental frequency (i.e., higher pitch cries). Moreover, the median value of each
acoustic measure consistently demonstrated a shared directionality and covariation with its
minimum value. For example, subjects with higher median fundamental frequency cries
during the challenge also had higher minimum fundamental frequency cries. However,
shared directionality was not consistent across all acoustic indices, as an inverse relationship
was observed among several acoustic variables as well (e.g., 50% bandwidth maximum in
contrast to duration minimum) (Table 4).
A rotated (varimax with Kaiser normalization) principal component factor analysis was
applied to the acoustic variables to explore potential relationships among the acoustic
measures. The analysis identified a four factor solution with three factors consisting of the
“prosodic variables” (i.e., variance, 50% bandwidth, and duration, in addition to the
fundamental indices) and a fourth factor comprised of only fundamental frequency measures
(Table 5; Fig. 1). The correlation between each of the four factors and the autonomic
measures was then assessed, showing significant covariation between the variables
associated with prosodic modulation (factors 1-3) and autonomic state. Factor 1
demonstrated a negative covariation with heart period and heart period change. Factor 2
exhibited a positive covariation with changes in both heart period and RSA. Factor 3
positively covaried with the change in heart period. Uniquely, factor 4, based on the level of
the fundamental frequency, did not covary with any of the autonomic measures (Table 6).
Notably, none of the factors correlated with either heart period or RSA during Free Play.
Rather, as heart rate accelerates during the Still Face challenge, certain acoustic features are
differentially recruited to varying degrees to comprise the overall expansion of prosody.
The correlations between the factor scores and the autonomic variables paralleled the
correlations between the individual autonomic variables and the specific acoustic features
(Table 2). As illustrated in Table 6, Factor 1, which was influenced most strongly by the
maximum indices, was negatively correlated with the autonomic variables. In contrast,
Factors 2 and 3, which were influenced most strongly by the minimum indices, were
positively correlated with autonomic variables. Although the fundamental frequency
variables were correlated with the autonomic variables (see Table 3), Factor 4, which was
primarily defined by fundamental frequency, was not significantly correlated with any
autonomic variable. Overall, the factor analysis further supported the association between
decreased acoustic modulation (i.e., restricted prosody) with reduced RSA and heart rate
increase, both indicators of cardiac vagal tone.
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While the convergence of RSA and fundamental frequency has been reported in newborns
following circumcision [29], prior to this study, modulation of vocalization features in
relation to autonomic state had not, to our knowledge, been investigated in human infants or
other mammals. Through the application of a novel computation-based tool, we have
detected and quantified features of prosody and have demonstrated the convergence between
these acoustic features and measures autonomic state. Thus, the study provides initial
confirmation that features of infant vocal prosody may provide a sensitive index of
autonomic activity in human infants.
The hypotheses linking vocalizations to autonomic state were based on a knowledge of the
common neurophysiological mechanisms regulating vocalization and the autonomic nervous
system [2,5,43]. In particular, the same brainstem structures are involved in both the
regulation of heart rate via the vagus (i.e., cardiac vagal tone) and vocalizations via the
laryngeal and pharyngeal muscles (both efferents of the supradiaphragmatic vagus).
Consistent with the Polyvagal Theory, the role of these neural pathways as functional neuro-
modulators would have effects on both autonomic state (i.e., vagal regulation of the heart)
and the acoustic features of vocalizations (i.e., prosody). The findings described here further
support the phylogenetic hierarchy proposed by the Polyvagal Theory and suggest that
paralleling the phylogenetic shifts in the autonomic nervous system an increased interplay
between the vagal regulation of the heart and the striated muscles of the face and head
evolved to promote a more coordinated biobehavioral response to challenges [2,3,40].
Specifically, the mammalian vagus is neuroanatomically linked to the cranial nerves that
regulate social engagement through processes manifested as facial expression, hearing, and,
of particular interest to the current study, vocalization [2,5]. Thus, the coevolution of the
physiological processes, underpinning both the ANS and vocalization mechanisms as well
as their shared innervations from the vagus, underscores their covariation.
Fundamental frequency level, 50% bandwidth, variance, and duration correlated to one or
more measures of autonomic state (i.e., heart period during Still Face and/or change in heart
period or RSA from Free Play 1 to Still Face; Table 3). In particular, the negative
correlations between the maximum, and the positive correlations between the minimum, of
these variables and autonomic state illustrates that a more “mobilized” autonomic nervous
system characterized by features of vagal withdrawal was associated with a dampening of
vocal prosody. This convergence with autonomic state was characterized by a U-type
relationship, in which the tendency of the acoustic parameters' extreme to be closer to the
median observed values represents an expansion of prosody.
The infant vocalizations investigated in this study were from a subset of infant participants
in a still face procedure and represented only infants who that vocalized. The vocalizations
studied included a wide range of acoustic variability, ranging from social vocalizations to
the high pitch cries typically observed in severely stressed infants. The acoustic maxima
obtained represent the extreme of infant vocalizations, drawing from the loudest, most
intense cries. Thus, while the acoustic modulation of these cries is restricted with vagal
withdrawal, the values of the acoustic maxima (i.e., acoustic energy) are nevertheless higher.
Furthermore, heart period and RSA during Free Play 1 were not correlated with any of the
acoustic features (32), suggesting that initial state is not predictive of vocalization features.
Conversely, of the acoustic features which did covary during the Still Face challenge, it was
the more “prosodic variables” that contributed most robustly to the covariation, as opposed
to the level of the fundamental frequency (Table 5).
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The positive relationship that exists between the height of the larynx muscle and
fundamental frequency, with frequency changing relative to changing larynx height (i.e.,
pitch modulation) [48,49], is perhaps the most basic (and robust) regulation of vocal
prosody. In particular, this rapid change in fundamental frequency during a vocalization
represents a modulation of neural tone to the laryngeal muscles. With less vagal output
corresponding to the contraction of the cricothyroid muscle, there is a functional increase in
pitch as the vocal cord is elongated. Conversely, increased vagal output corresponds to
contraction of the anatomically antagonistic thyroarytenoid muscle, which serves to lower
pitch. The observed negative correlation between heart period and fundamental frequency
level is consistent with this neurophysiological model.
Correlations among the individual acoustic measures were assessed and indicated a common
covariation among several indices (Table 4). For example, the median value of each acoustic
measure consistently demonstrated a shared directionality and covariation with its minimum
value. In line with the shared, positive relationship between laryngeal neural tone and
fundamental frequency [48,49], a similar relationship can be expected for the other prosodic
features inherently corresponding to the fundamental. Notably, the maximum values of 50%
bandwidth, variance, and duration all demonstrated a shared directionality in their
covariation with maximum fundamental frequency. Similarly, the median values of variance
and duration also exhibited a positive relationship to the median fundamental frequency.
However, this relationship was inconsistent across other acoustic measures, with several
indices exhibiting an inverse relationship to fundamental frequency (Table 4). For example,
the fundamental median, while demonstrating a common positive relationship with all other
significant measures, expressed the opposite relationship with the 50% bandwidth minimum.
Thus, the role of other cortical and subcortical regions on vocal prosody should also be
considered [47,58-60], underscoring the observation that mammals can incorporate
voluntary influences to convey different aspects of visceral state.
Whereas laryngeal motor control during vocalization is also influenced by interactions with
other cortical and subcortical regions, especially those principally involved in the voluntary
control of vocalization such as the laryngeal motor cortex [58,59] and anterior cingulate
cortex [47,60], the deviations from our proposed model by several measures are not
surprising, such as the positive covariation of duration median (relative to the negatively
covarying fundamental frequency and variance medians; Table 3). Through the evolution of
voluntary speech, the influence of the laryngeal motor cortex gained prominence as an
additional control center of vocalization in humans. This development is evidenced in the
laryngeal motor cortex's role in nonhuman primates, in which only indirect connections to
the laryngeal motor neurons are present [58,59]. Overall, the cortical-mediated control of
vocalizations in addition to vagal regulation further enrich vocal prosody, and represent the
use of voluntary influences to communicate different qualities reflecting visceral state.
While the present study demonstrates an overall covariance of vocal prosody with
autonomic state, specific acoustic indices could correlate differently in future studies. In
particular, different and varying levels of challenges may encourage distinct prosodic
features based on what may need to be signaled. Thus, challenges that necessitate the
communication of differential signals or visceral states (e.g., pain versus fear) may employ
different prosodic features to convey this information.
5. Conclusions
An automated tool recently developed by our laboratory was applied to objectively
characterize several features of vocal prosody, further demonstrating the utility of these
prosodic features as a sensitive index of autonomic activity in human infants. As predicted
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by the Polyvagal Theory, the observations of this study support the hypothesis that a
common neurophysiological process regulates vocalization prosody and the autonomic
nervous system. Specifically, heart period during the Still Face challenge, as well as changes
in heart period and RSA, were negatively correlated with the maximum acoustic values, and
positively correlate with the minimum acoustic values. These correlations demonstrate an
association between shorter heart period and the dampening of the modulation of acoustic
features that are perceived as prosody. These data parallel clinical observations in which
higher pitch (i.e., fundamental frequency) and less variability in acoustic features of
vocalizations (i.e., less vocal prosody, commonly describes as “monotone”) convey to the
listener that the autonomic state of the crying infant is more “mobilized” and characterized
by features of vagal withdrawal (i.e., reduced RSA) and perhaps sympathetic excitation
(e.g., increased heart rate in excess of that predicted by the synchronous reduction in RSA).
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• Vocal prosody and the heart are regulated by a shared neural pathway.
• A novel automated tool was applied to objectively characterize vocal prosody.
• Vocal prosody is a sensitive index of autonomic activity in human infants.
• Specific acoustic features conveying vocal prosody covary with physiological
state.
• Faster heart rate was associated with restricted modulation (i.e., less prosody) of
acoustic features.
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Components extracted by principal component factor analysis (varimax rotation with Kaiser
normalization). Note the presence of 4 factors representing the primary contributions to the
acoustic measures' covariation (Table 4).
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Table 1
Laryngeal regulation of the glottis parallels the alternating increase and decrease in myelinated vagal input to
the heart during exhalation and inhalation (i.e., RSA).
Inhalation Exhalation
Less vagal output More vagal output
Laryngeal muscles abduct Laryngeal muscles adduct
Posterior cricoarytenoid muscle (via recurrent laryngeal nerve) Thyroarytenoid muscle (via recurrent laryngeal nerve)
Cricothyroid muscle (via superior laryngeal nerve)
Glottis opens Glottis closes













Stewart et al. Page 17
Table 2
Mean values for acoustic and autonomic measures across all subjects (n = 75), as well as for male (n = 40) and
female (n = 35) subjects separately (presented as mean ± standard deviation). RSA and heart period changes
based on difference between measures obtained from Free Play 1 to the Still Face procedure (i.e., SF–FP1).
All subjects Males Females
RSA during FP1 3.25 ± 0.74 3.28 ± 0.69 3.20 ± 0.81
HP during FP1 441.78 ± 33.97 440.54 ± 32.17 443.17 ± 36.31
RSA during SF 3.14 ± 0.91 3.08 ± 0.73 3.21 ± 1.07
HP during SF 409.96 ± 39.54 406.00 ± 35.72 414.36 ± 43.08
RSA change 0.08 ± 0.76 −0.20 ± 0.75 0.06 ± 0.76
HP change −30.26 ± 38.17 −32.62 ± 37.54 −27.68 ± 38.68
Fund. med. 794.40 ± 294.03 821.69 ± 334.77 763.21 ± 233.33
Fund. min. 484.73 ± 181.85 479.9855 ± 168.23 490.15 ± 196.52
Fund. max. 1471.74 ± 858.42 1481.1475 ± 1021.29 1460.99 ± 613.57
BW med. 4.77 ± 0.37 4.796 ± 0.38 4.74 ± 0.35
BW min. 4.20 ± 0.38 4.21 ± 0.43 4.17 ± 0.32
BW max. 5.58 ± 0.56 5.62 ± 0.55 5.54 ± 0.58
Var. med. 6.93 ± 1.59 6.64 ± 1.54 7.26 ± 1.60
Var. min.* 5.19 ± 1.30 4.86 ± 1.06 5.55 ± 1.43
Var. max. 8.49 ±2.10 8.21 ± 2.18 8.81 ± 1.96
Dur. med. 0.29 ± 0.31 0.24 ± 0.27 0.34 ± 0.33
Dur. min. 0.11 ± 0.29 0.09 ± 0.20 0.13 ± 0.34
Dur. max.* 1.02 ± 0.70 0.81 ± 0.65 1.21 ± 0.70
“FP” = Free Play; “SF = Still Face challenge; “RSA” = respiratory sinus arrhythmia (ms2); “HP” = heart period (ms); “Fund.” = fundamental
frequency (Hz); “BW” = 50% bandwidth (Hz); “Var.” = variance (Hz), “Dur.” = duration (s).
*
Significant sex differences (Mann–Whitney U).
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Table 5
Relationships among the covariation of the acoustic measures (Table 4), as revealed by rotated factor analysis
(varimax with Kaiser normalization) using principal component analysis as the extraction method. Variables
exhibiting minimal (<0.3) contribution are excluded below.
Factor 1 Factor 2 Factor 3 Factor 4
Fund. med. .912
Fund. min. −.347 .559 .674
Fund. max. .476 −.380 .580
BW med. .832
BW min. −.314 .874
BW max. .490 −.605
Var. med. .927
Var. min. .339 .637 .543
Var. max. .947
Dur. med. .416 .784
Dur. min. .885
Dur. max. .835 −.414
“Fund.” = fundamental frequency; “BW” = 50% bandwidth;“Var.” = variance, “Dur.” = duration.
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